The land-sea breeze systems, the most interesting phenomena observed at coastal regions, have significant impact on the costal wave characteristics. Present study also focuses the diurnal variations of winds and its impact on wave parameters like significant wave height and mean wave period off Ennore port located in the south east coast of India The impact of the diurnal variation of winds on complex wave patterns in the coastal regions of Indian Ocean have been addressed earlier also. In the present study an attempt has been made to explore the impact of diurnal variation of winds on coastal waves using numerical model forced with European Centre for Medium Range Weather Forecasts (ECMWF) and National Centre for Environmental Prediction (NCEP) blended wind fields. It has been observed that most of the time, the ECMWF blended wind field reproduces the diurnal variation.
INTRODUCTION
Sea breeze and land breeze are the most interesting meso-scale phenomena observed in the coastal regions. The reversal of winds by the differential heating of land and sea are termed as sea breeze and land breeze. During the daytime, in a calm atmosphere (in absence of gradient wind), solar radiation heats up the land surface more rapidly than the water surface, causing a horizontal temperature gradient between the land and sea surface air. As a consequence of this difference, the warm air rises over the land and begins to spread out towards sea, to compensate the ascent of air over land, a current of air is set up from the cooler sea to the land which is called sea breeze. At night time, the reverse process occurs and a land breeze takes place. Sea breeze and land breeze occur more frequently and with greater regularity in the tropics than in the middle and high latitudes (Atkinson, 1981) . This diurnal variation of winds has profound effect on meteorology and oceanography of coastal areas. Sea breeze can create a highly dynamic environment in the near shore regions, and beaches may respond rapidly to the changing wind direction. The impact of sea breeze on wave characteristics of the coastal regions of Australia has been studied by, e.g., Lincare and Hobbs (1997); Short and Trenaman (1992) and Masselink and Pattiaratchi (1998) . Verhagen and Savov (1999) studied wave growth due to sea breeze in Colombia region. As far as Indian Ocean is concerned, during pre-monsoon period, when the large scale winds are not present, Indian coastal regions are dominated by sea breeze-land breeze systems. Aparna et al. (2005) have shown that the sea ward extent of sea breeze is around 180 km in off Goa. Neetu et al. (2006) and Vethamony et al., (2011) discussed the diurnal variation of winds and its effects on the coastal waves off Goa. Similarly, the impact of diurnal variation of winds on the coastal process of east coast off India has been studied by Thara et al. (1999) , Jamina and Lakshmi(2004) , Srinivas et al. (2006) and Simpson et al. (2008) . A recent study by Nayak et al. (2013) clearly showed the role of land-sea breeze systems in modulating the local wind-waves off Kalpakkam. Present study also aims at the assessment of the impact of diurnal variation of winds on coastal waves off Ennore using a shallow water moored buoy observed data. The SW6 buoy is maintained by National Institute of Ocean Technology (NIOT). Ennore port is an artificial deep-sea harbor, a major port constructed in 2001 at Ennore, on the southeast coast of India near Chennai. Hence, the study of wave characteristics at this region is very important for navigational safety management. Since only one shallow water buoy was available in the study region, so due to the lack of sufficient in-situ observations in the study region, the numerical model MIKE 21 SW, a spectral wind wave model, based on unstructured meshes, developed by Danish Hydraulic Institute (DHI, 2005) has been utilized to explore the possibility of studying the sea breeze-land breeze effect on coastal waves off east coast of India. MIKE21 SW model simulations have been made using European Centre for Medium-Range Weather Forecasts (ECMWF) blended wind fields (Bentamy et al 2007) as well as National Centre for Environmental Prediction (NCEP) blended winds (Chin et al., 1998; Milliff et al., 1999) .
STUDY REGION AND IN-SITU DATA USED
The study region, Ennore port is located at the north of Chennai city of Tamilnadu on the East coast of India. The length of Tamilnadu Coastline is approximately 1016 km with its significant portion on the east coast bordering Bay of Bengal. Ennore shoreline is oriented approximately at 17°to the north and the minimum depth of the harbor is 15m. The study area and location of the buoy is shown in Figure. 1. The SW6 buoy provides 3-hourly data of wave and wind parameters, air temperature etc at local time. As far as the Indian Ocean is concerned, the characteristics of the diurnal variation of winds are very clear in the transition months (Feb-April), the period of transition between the winter and summer monsoons (Aparna et al., 2005) . Therefore, in this study we have selected 3-hourly data of SW6 buoy for a period of 2-3 weeks from the transition months (selection of the year and month and period is based on the data availability) of the years 2003, 2005. The diurnal variation of wind was very clear in all the two years for the selected period. 
ANALYSIS OF DIURNAL VARIATION OF WINDS USING IN-SITU MEASUREMENTS
The land-sea breeze systems are marked by change in wind speed, change in temperature and change in wind direction. The variations of wind speed, and change in wind direction observed in the SW6 buoy for the selected two years are shown in Fig.2 . It shows the buoy wind speed variations between 0-9 m/s with a characteristic diurnal oscillation. The lowest wind speed occurred during early morning hours and the highest in the afternoon hours. The wind was about 280°in the early morning hours and the wind direction changed to about 120°in the afternoon hours. The markings on the time-axis are made in such a way that the diurnal pattern can be easily discernible. Sporadic variations in wind direction are noticed with abrupt changes in wind speed. The drop in temperature and change in wind direction is almost simultaneous as in the case of wind speed ( 
ASSESSMENT OF THE IMPACT OF DIURNAL VARIATION OF WIND ON WAVE USING IN-SITU MEASUREMENTS
The changes in the wind climates are reflected in the wave conditions also. Analysis of buoy observed wind and wave data showed characteristics diurnal oscillations of winds and its impact on wave (Fig.4) . It can be seen that, during land breeze, the mean wave direction and the wind direction are opposite to each other whereas during sea breeze, wave and wind are in the same direction. It also shows the change in the wave period and wave height associated with the changes in the wind conditions. Wave A positive wave growth can be observed when the wind and wave are in the same direction (sea breeze). This might be because of the super imposition of wind sea with swell waves. In the study of diurnal variation of waves during sea breeze in Goa coast, Vethamony et al. (2011) showed that changes in wave period and wave height are due to the super imposition of wind seas on pre-existing swells. When the wind sea and swell superimpose, the mean wave period decreases. During the sea breeze the local winds are stronger than the synoptic winds and due to that, the wave height increases. The role of wind speed on the wave growth decreases when the wind direction varies with time (Komen et al,1994) . When the wind and wave direction are opposite to each other (land breeze), the wind applies an opposing stress against the waves and therefore the wave height growth is negative. This fact is very clearly seen in Fig.4 , which shows an increase of wave height and decrease of wave period during sea breeze and reverse in the case of land breeze. One can perform a detailed investigation on the processes involved in the diurnal changes of wave using the measured wave spectra. Unfortunately due to the unavailability of wave spectrum for the selected buoy, the present study is limited in the analysis of integrated wave parameters. The analysis has also been carried out to study the impact on wind sea and swell wave heights separately. In buoy measurements, for the sea and swell separation, the wave spectrum measurements between 0.04-0.1 Hz are considered low frequency (swell) components and 0.1-0.5 Hz are taken as high frequency (sea) components. Fig.5 shows the change in total wave height (Hs), sea wave height (Hsw), and swell wave height (Hss) with the change in the wind direction. From Fig.6 it can be seen that the changes in wind direction clearly reflects on wind sea, which was not seen in swell waves. The swell waves present during this period, from SE direction with very low wave heights (0.2-0.3 m) and high wave periods (11-13 s), clearly give an indication of southern ocean swells. From this, it is clear that the diurnal variation present in the significant wave height is mainly due to the diurnal variation of wind sea.
ASSESSMENT OF THE IMPACT OF DIURNAL VARIATION OF WIND ON WAVE USING MODEL DERIVED WAVE PARAMETERS
In the above section, the impact of diurnal variation of winds on wave has been discussed using a single shallow water buoy. Shallow water in-situ measurements are very rare in the Bay of Bengal. So an experiment has been carried out to explore the possibility of studying the impact diurnal variation of winds on coastal waves using numerical wave model MIKE 21 SW. High resolution wind fields were not available for model runs. Thus two freely available sources of blended wind fields have been used for wave model forcing.
MIKE 21 SW is a new generation spectral wind wave model, based on unstructured meshes, and is developed by Danish Hydraulic Institute (DHI, 2005) . A short description of the source term can be found in Sørensen et al (2004) . The model simulates growth, decay, and transformation of wind generated waves and swells in offshore and coastal areas. In the present study, the model domain covers the Indian Ocean region (60˚S-25˚N; 40˚E-100˚E). We have selected a large domain for the study in order to include the southern ocean swells. For the model runs, the spatial resolution has been chosen to be 0.25˚ in the coastal waters and 1˚ for the rest of the region (Figure 6 ). This, however, does not mean that the resolution is constant everywhere in this domain. MIKE21 SW model uses a flexible mesh bathymetry for model runs. The flexible mesh allows fine resolution near the coast. The bathymetry is from GEBCO (GEneral Bathymetric Charts of the Ocean) produced by Intergovernmental Oceanographic Commission (2003) . The resolution of GEBCO bathymetry grid is 1x1 minute. . NCEP blended wind field product is a blend of QuikSCAT scatterometer winds and NCEP reanalysis surface wind datasets (Chin et al., 1998; Milliff et al., 1999) . This dataset consists of global 6-hourly maps at 0.5 o spatial resolution. The blending scheme provides 6-hourly global fields by retaining QuikSCAT wind retrievals in swath regions, and by augmenting in the unsampled regions the low-wave number NCEP fields with a high-wave number component that is based on monthly QuikSCAT statistics. Mike 21 SW model runs have been performed for the period of February-March, 2005 , with the blended wind fields. For model runs, a time step of 300s is used and hourly outputs have been generated for analysis. Synoptic maps of significant wave height, wave period, direction were generated. To evaluate the model performance a comparison has been carried out for the Indian Ocean in terms of 12 buoys (NIOT deep and shallow water moored buoys) located in the Indian Ocean. Table 1 shows error statistics for the comparison. SW-EQ and SW-NQ are used to denote the wave parameters obtained from the model driven by ECMWF blended and NCEP blended wind fields. The error statistics analysis shows a very good agreement of model derived wave parameters with buoy measurements.
Time series output was also generated for the selected buoy location (at the location of SW6 buoy) in shallow water region for the comparison. The comparison of simulated wave parameters such as significant wave height, mean wave period with SW6 buoy derived wave parameters is shown in Figure 7 . Both the winds were 6-hourly, so the diurnal variation was not as clear as in the case of buoy data analysis. As seen in figure 7 , the ECMWF blended winds could better reproduce the diurnal variation in comparison to the NCEP Blended winds. The reason for this might be the difference in the spatial resolution of the wind fields. ECMWF blended wind was able to show wind direction changes but the change was not drastic as seen in the buoy wind direction. In the case of wind speed, ECMWF blended wind speed was in good agreement with buoy wind speed in almost all the time steps. The occurrence of maximum and minimum had a time lag in few time steps in the case of ECMWF Blended winds. Even though the NCEP blended wind have a coarse resolution, few time steps it also shows the diurnal variations of wind. The NCEP wind speeds were high compared to the buoy wind speed for almost all the time steps. This lead to an over prediction of wave height and wave period in the case of NCEP blended wind model runs. The model derived wave parameters with these two blended winds also show the diurnal variations as in the case of wind. The impact of diurnal variation of winds on wave could be seen well in the SW-EQ derived significant wave height and wave period. This shows that the free sources of wind fields can be used for studying the impact of diurnal variation of winds on coastal waves in the absence of high resolution wind fields. At the same time, it also shows the need of high resolution wind fields to resolve the fine details of land-sea breeze systems effects. 
CONCLUSIONS
This study discusses the diurnal oscillation of winds and its effect on wave parameters off Ennore port using SW6 buoy observations. The modifications of wave height and mean wave period during sea breeze and land breeze are shown with buoy data. Lack of wave spectrum was a limitation for this study. As the diurnal oscillation was very clear in the buoy wind data, this study demands a detailed investigation on the impact of diurnal variation of wind on wave off Ennore port using wave spectrum. This study also made an attempt to explore the possibility of studying sea-land breeze effects on coastal waves using numerical model by forcing with blended wind fields. It has been observed that the ECMWF blended wind field reproduces the diurnal variation most of the time. This shows that in the absence of high resolution wind fields, available coarse resolution blended winds can be used to study the sea-land breeze system effects. This study also shows the necessity of high resolution winds to drive the numerical wave model for resolving all the fine details of the impact of diurnal variation of winds on coastal wave. The land-sea breeze systems intensity is likely to depend upon the characteristics of the local area. In the present study, we have used south east shallow water buoy data. The impact of diurnal variation of winds on coastal waves of east coast India has to be explored with more number of buoys and further experiments.
